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SUMMARY 
The design and development of a miniature high sensitivity acceleration 
compensated crystal pressure transducer is described. It is shown that the 
transducer has the necessary characteristics in terms of response, sensitivity 
and linearity for application in low density shock tunnels and shock tubes. The 
pressure range can easily be varied over a wide range without affecting the 
resolution capability referred to the full scale of a given transducer. 
INTRODUCTION 
One of the most important parameters to be measured in an aerodynamic 
simulation facility is pressure. In principle pressure can be measured by a 
variety of methods. For example, pressure can be related to the displacement 
of a liquid column or diaphragm, to a change in an electric field (capacitive), to 
a change in magnetic field (reluctance), to charge generation (piezoelectric), to 
heat conduction or to ionization. In addition,pressure can be measured by means 
of mechanical methods such as Bourdon tube pressure gauges and strain gauges. 
The pressure level to be measured and the required response time would deter- 
mine which of the aforementioned methods would be used. 
For measurements in shock tubes and shock tunnels, the pressure range 
encountered is from a fraction of a millimeter of mercury to hundreds of atmos- 
pheres and running times ranging from microseconds to several milliseconds. As 
a result,the response time of the pressure measuring equipment must be on the order 
of microseconds. Since the tubing for a pressure tap on a model to a transducer 
and cavity must be as small as possible to minimize the response time, this puts 
a severe restriction on the size of the transducer. A further restriction on the size 
of the transducer to be used in a shock tube or shock tunnel facility is the fact that 
a model of limited size may require as many as 30 pressure transducers and heat 
transfer gauges to be installed internally. Another requirement for a pressure 
transducer for shock tunnel applications is that it be insensitive to vibration and 
temperature. 
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During an experimental program on the properties of the plasma sheath 
around hypersonic reentry bodies conducted in the hypersonic shock tunnel 
of the Polytechnic Institute of Brooklyn, a pressure transducer with the 
following specifications was required: a) small s-ige, b) fast response, 
c) high sensitivity, d) pressure range from 5x10 atm. to 1 atm. and 
e) acceleration and temperature compensated. Commercially available 
transducers could not satisfy these requirements and a program was initiated 
to develop a pressure transducer for the experimental program on plasma 
sheaths. In this report the design and development of a crystal transducer 
which satisfies the aforementioned requirements is described. 
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SYMBOLS 
Poissons ratio 
coefficient of viscosity 
static capacity of the transducer crystal 
compliant e of crystal 
compliance of diaphragm 
total compliance of the transducer 
diameter of tube 
elastic modulus 
resonance frequency 
force 
length 
equivalent length 
mass 
open circuit voltage as a function of applied force 
pressure 
charge 
diaphragm radius 
time 
thickness of the crystal 
II 7, II diaphragm 
temperat(lre 
total vol~~mc of cavity and connection tubing 
width nf the, crystal 
beam draflec.tion 
TRANSDUCER DESIGN 
The aim of this program was the development of a pressure transducer, 
which would be simple to construct and which would possess the following 
characteristics: 
Diameter 
Height 
Re s olution 
Pressure range up to 
Overload 
0 . 5” max 
0 . 2”max 
0. 001 psi 
0.5 psi 
15. psi 
Linearity 2 O/o 
Sensitivity 100 pcb/psi 
Rise time 10~ s ec 
Acceleration Sensitivity 5X10m4 psi/g 
Since the pressure transducer was to be used in a shock tunnel with its 
inherent short running times it was decided to concentrate only on a crystal 
type transducer. Many crystal transducer designs have been reported in the 
literature. (Refs. 1,2,3,4). Most of the designs reported use the crystal element 
in compression or tension to achieve the desired signal output for a given pressure 
input. Due to the increased sensitivity of the crystal subjected to bending in terms 
of charge generation, several transducer configurations were evaluated using the 
crystal as a beam. Figs. 1 and 2 present schematic diagrams of two of the config- 
urations studied. In Fig. l,the crystals are stretched across the entire diameter 
of the transducer body and are clamped at the two ends. In Fig. 2,an arrangement 
is shown in which the crystals are used as cantilever beams ( i. e. the crystals 
are clamped at one end). The transducer arrangements shown in Figs. 1 and 2 will 
hereafter be referred to as transducer type A and type B,respectively. Photographs 
of the assembled transducers and their components shown schematically in Figs. 1 
and 2 are shown in Figs. 3 and 4, respectively. Mylar and a copper nickel alloy 
material were evaluated as diaphragm materials. 
Two crystals are used in the transducer; one crystal is used as the trans- 
ducer element and the second crystal, connected electrically in series opposition, 
serves as the acceleration and temperature compensating element. The force 
acting on the diaphragm is transmitted to the crystal corresponding to the trans- 
ducer element, by a force transmitting pedestal and is separated from the acceler- 
ation compensating element by a metallic ring which serves as the common electrode. 
The ring is insulated from the body of the transducer by plexiglass inserts and 
contact between the ring and the crystal is established by a retaining threaded ring. 
This technique of mounting avoids the necessity of soldering electrical leads to 
the metalized surface of the crystal with the inherent difficulties, inaccuracies 
and damaging effects on the crystal due to the applied local heating required for 
soldering. The diaphragm,with the attached force transmitting pedestal,is then 
placed in position and retained by either a threaded or press fitted end cap. In the 
transducer design shown in Fig. 1 , the crystals are mounted one above the other 
and are clamped along its perimeter, while in transducer design shown in Fig. 2 
the crystals are mounted at diametrically opposite ends of the transducer and thus 
act individually as cantilever beams. 
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FIG.4. PHOTOGRAPH OF THE TYPE B TRANSDUCER 
AND ITS COMPONENTS. 
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CALIBRATION OF THE TRANSDUCER 
The transducers were calibrated using a semi-static method and a dynamic 
method. The physical arrangement of the equipment used for the semi-static 
calibration is shown schematically in Fig. 5. It consists of a tank with a volume 
of 2000 cm3 connected to a cavity with a volume of approximately 1 cm3 by a quarter 
turn quick opening valve. The transducer to be calibrated was mounted at the end 
of the cavity. In calibrating the transducer the tank was pressurized with the valve 
between the tank and the cavity closed to a given pressure level as measured by an 
inclined water manometer or baratron pressure gauge. The valve was quickly 
opened resulting in a pressure step to the transducer. The output of the transducer 
was amplified by a Kistler charge amplifier and monitored on an oscilloscope. The 
transducer was calibrated using this technique in the pressure range of 0. 5 mm Hg. to 
10 mm. Hg.At pressures above 5 mm. H g. the calibrations were reproducible. At 
lower pressure levels, the semi-static technique resulted in excessive scatter of the 
data oints. 
-I- 50 43 
At 0.5 mm. of Hg. the scatter resulted in a maximum deviation of 
from the mean value. - 
In order to overcome the limitations of the semi-static method in the low 
pressure regime a calibration shock tube was constructed. A schematic diagram 
of the shock tube is shown in Fig. 6. For the calibration pressure range of interest 
behind the incident shock, an atmospheric pressure driver was found to be satis- 
factory. As a result,the room in which the shock tube was located acted as the 
shock tube driver,thereby increasing the possible running time of the test. The 
driven tube consisted of a 3-inch inside diameter tube 30 feet in length. The down- 
stream end of the driven tube has 15 ports located l-1/2 inches apart for mounting 
the transducers. The incident shock Mach number was determined using a time 
interval counter triggered by two pressure gauges located in the test region a known 
distance apart. With the initial pressure in the driven tube accurately determined, 
the pressure behind the incident shock wave can be obtained. By varying the initial 
pressure in the driven tube, the pressure behind the incident shock can be varied 
over a wide range. The outputs of the transducers were amplified by Kistler charge 
amplifiers and recorded on oscilloscopes. 
DISCUSSION OF RESULTS 
Several transducers of each design were fabricated and tested. Typical 
calibration curves for the two types of transducers using a 0. 001 inch thick, mylar 
.diaphragm are shown in Fig. 7 using the semi-static calibration technique. As 
can be seen from the calibration curves in this Figure the transducer type B is 
more sensitive than the transducer type A. It is worth noting at this point that 
both types of transducers exhibit a linear response. The deviation from linearity 
is better than the desired 2 “b. Furthermore, as can be seen from these typical 
calibration curves, the sensitivity in the worst case exceeds the required sensitiv- 
ity by a factor of 5. In both cases the resonant frequency of the transducer is 
greater than 400 kc,sufficient for a rise time on the order of 10 microseconds. 
Several transducers were tested in the PIB shock tunnel and it was found that the 
diaphragms were damaged after several tests due to impinging microscopic parti- 
cles. These particles were more than likely formed during the breaking of the 
metallic diaphragm separating the combustion driver from the driven tube. 
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In order to increase the lifetime of the transducer the mylar diaphragm 
was replaced by a copper - nickel alloy diaphragm with a thickness of 0. 0005 inch. 
Several transducers were calibrated using the metallic diaphragm and a typical 
calibration curve of the transducer type B is shown in Fig. 8. Also shown in this 
Figure is the corresponding calibration curve from Fig. 7 using a mylar diaphragm. 
Comparison of the calibration curves shown in Fig. 8 indicates that the sensitivity 
of the transducer with the metallic diaphragm is approximately 20 O/o higher than 
the same transducer with a mylar diaphragm. 
Typical oscilloscope traces of the pressure transducer output obtained 
using the shock tube calibration method are shown in Fig. 9. These recordings 
show that the sensitivity of the individual transducers are slightly different. As 
shown in Appendix 1,the sensitivity of the transducer is influenced by the thickness 
of the diaphragm, the unsupported length of the crystal, the dimensions of the 
crystal and the pedestal mount. These parameters can vary from transducer to 
transducer resulting in different sensitivities. The relatively slow response time 
of the transducers is due to the filter located in the circuit which had a time 
constant of approximately 10 u seconds. The response of a transducer with and 
without a filter is shown in Fig. 10. The response time of the transducer without 
the filter is a function of the transducer configuration, and the orifice, tubing and 
cavity ahead of the transducer diaphragm (Appendix II). From the results shown 
in Fig. 10 it can be concluded that the response time of the transducer is below 
10 p seconds. 
To determine the temperature characteristics of the transducer, calibra- 
tion tests were made at several ambient temperature levels, in the range from 
50°F. to 90°F. It was found that the transducer calibration did not change in 
that temperature interval. It was noticed, however, that when the ambient temper- 
ature changed the transducer output signal exhibited a slow drift until the trans- 
ducer temperature reached a new equilibrium value. The transducer signal output 
due to this slow drift is equivalent to a pressure signal of less than 0. 05 mm Hg/OF‘ sec. 
Since the running time of the shock tunnel or shock tube is at most of the 
order of several milliseconds, the error in pressure measurement is negligible 
under the most adverse conditions. No extensive quantitative tests on the accelera- 
tion compensation properties of the transducer were conducted, due to the lack of 
the necessary equipment. However, some semiquantitative tests were made. Two 
transducers,one with the other without the acceleration compensating crystal,were 
mounted on a metal cantilever beam. The beam instrumented with strain gauges 
was subjected to vibration. The output of both transducers and the strain gauge 
bridge on the beam were observed on an oscilloscope. It was found that the trans - 
ducer without the acceleration compensating crystals showed large signals, whereas 
the compensated transduced signals were considerably smaller. An approximate 
evaluation of the data indicateqd that the acceleration compensated transducer had a 
sensitivity of less than 5x10 psi/g. It was noticed however that the acceleration 
compensation is more effective for acceleration acting parallel than for accelera- 
tion acting normal to the diaphragm of the transducer. In the case of the accelera- 
tion acting parallel to the diaphragm, no signal could be observed on the oscilloscope. 
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CONCLUDING REMARKS 
Two types of miniature, high sensitivity, acceleration compensated, 
fast response crystal pressure transducers were developed, fabricated and 
tested. Both types of transducers were shown to possess the necessary 
characteristics for application in low density shock tunnels. It was also 
shown that the pressure range of the transducers can be readily changed. 
Evaluation of a number of transducers of the same kind indicated a certain 
degree of variations of the sensitivities. This variation in sensitivity could 
be related to the precision of fabrication. It is felt that more accurate 
tolerances and closer control of the fabricating procedures would result 
in a better agreement in the sensitivities of the individual transducers; 
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APPENDIX I 
SENSITIVITY OF THE TRANSDUCER 
An order of magnitude calculation of the output of the transducer can 
be obtained by means of the equivalent electromechanical circuit shown in 
Fig. lla. In terms of the transducer crystal dimensions shown in Fig. llb, 
the constants are given by: 
Ce = static capacity of the transducer crystal = 325 E (CWF) 
N = open circuit voltage as a function of applied force 
= . 5 4 (volts /Newton) 
“5 
Cm 1 = c ompliance i. e. , ratio of deflection to applied force 
3 
= 2.8 x 1O-9 .-+ c: (meters /Newton) 
wt 
1 
f 
5 tl
r = resonant frequency of crystal = 16 z (kc) I 
In terms of these constants the charge generated is given by: 
Q=NC 
N Ce Y N 5 y 
e F= w 
NZCe+Cml 
-- (PC b) 
Cml 
where 
y=CmlF 
and F is the applied force in Newtons. Since the force corresponding to the 
applied pressure is not exerted directly on the crystal but through the inter- 
mediary diaphragm, the compliance Cm 
compliance of the diaphragm. The camp lance of the diaphragm is given by: k 
of the crystal is modified by the 
(1) 
(2) 
(3) 
(4) 
(5) 
Cm2= 3(1-02)R2 
16 E tz’ .rr 
(6) 
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where: 
0 = Poissons ratio 
R= diaphragm radius 
t2 = diaphragm thickness 
E = elastic modulus of the diaphragm material 
The total compliance of the system is therefore: 
Cm 
Cm, = 1 Cm2 
Cm1 t Cm2 
and the charge generated becomes: 
Q= N ‘e ‘mt F 
Cml 
In terms of the applied pressure the charge generated is given by: 
Q= 
NCeCmtrrR2P 
Cml 
It is evident from Eqs. (6), (7) and (9) that by changing the diaphragm thickness, 
the transducer sensitivity can be varied over a very wide range. In the case of 
the crystal beam clamped at both ends as shown in Fig. llc, the equivalent 
electromechanical constants are given by: 
ce= 325 5 tic I-I F) 
N = 0.125 6% (Volts /Newton) 
Cm 1 = 0.175 x 10-O meters /Newton) 
fr = 45 & (Kc 1 
P 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
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As in the case of the cantilever beam,the charge generated can be calculated 
in terms of these constants using Eqs. (5), (6), (7), (8) and (9). 
The charge output obtained using Eq. (9) corresponds to the charge 
developed on the crystal. To measure the charge one can use a ballistic 
galvanomete r, or connect the transducer to a charge amplifier and measure 
the voltage output as a function of charge. In the latter case one must take 
into account the cable capacity between the transducer and amplifier. A 
comparison of the theoretical output of a typical transducer and the experimental 
output as obtained using the charge amplifier is shown in Fig. 12. In the theoret- 
ical calculation the applied force to the crystal is assumed to be ideally applied 
at the end of the crystal in the case of the cantilever type transducer, and at a 
point in the center in the case of the crystal beam clamped at both ends, while 
in actuality the pedestal through which the force is applied has a finite dimension. 
As a result,the theoretical values shown in Fig. 12 are greater than the experi- 
mental values. 
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APPENDIX II 
PRESSURE TIME LAG IN A CAVITY AND CONNECTING TUBES * 
The configuration of the orifice, connecting tube and cavity of a pressure 
measuring system is shown in Fig. 13. The total volume of the tube orifice 
and cavity is denoted as a single volume V. 
The rate of flow in a tube of circular cross section can be related to the 
pressure differential across the ends of the tube by means of the following 
equation: 
,2& = nd 
4 
256 UPeRT 
(P2 - P12 ) 
where: 
m = mass of air in the pressure measuring system (slug) 
d = diameter of connecting tube(ft) 
le = equivalent length of tube orifice and cavity(ft) 
P = pressure at any instant at the diaphragm of the transducer (lb/ft’) 
Pl = pressure at the orifice (lb/ft2) 
R = universal gas constant 
T = temperature (OR) 
u = coefficient of viscosity (slug/ft set) 
If it is assumed that the process is isothermal, the mass flow rate is given by: 
RT$=-P$-V$ 
(14) 
(15) 
:‘: 
’ Refs.5, 6, 7. 
22 
z 
-d- 
I 1 / / I 
CONNECTING 
F TUBE R 
1 1 L 
CAVITY -7 
4 d2 / R 2 
+ P I t 
TRANSDUCER 
flGURE 13.SCHEMATlC DIAGRAM OF A PRESSURE 
MEASURING SYSTEM. 
23 
Since the change in the volume of the system due to the deflection of the 
diaphragm is negligible Eq. (15) reduces to: 
RT $ = -V $ 
substituting Eq. (16) into (14) one obtains : 
nd 
4 
,-& % =25tq11, RT (P2 - P12) 
Integrating Eq. (17) one gets: 
t-+-C= 2i?Z#kCIn 
P + Pl 
nd P1 P - p1 
Since at t = 0 P = P 
reduces therefore 9:: 
the initial pressure at the diaphragm, Eq. (18) 
Eq. (19) permits one to calculate the time necessary for the system 
to reach equilibrium within a predetermined error if a step pressure P1 is 
applied at the orifice of the system. 
The equivalent length of an orifice connecting tube and cavity of a 
pressure measuring system, based on a common diameter d, can be deter- 
mined by finding the equivalent length of each and adding the resulting lengths. 
Consider the diameter of an orifice and cavity to be dl and d2 respect- 
ively, and their corresponding lengths 5 and f2 . It follows from Eq. (19) 
that the equivalent length of the system is 
(16) 
(17) 
(18) 
(19) 
(20) 
where 1 and d are the length and diameter of the connecting tube,respectively. 
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